Introduction
Fossil soils (paleosols) are one of the proxies used in environmental reconstructions. Manikowska (1982) and many other researchers reported many stands of fossil soils in central Poland covered with aeolian sediments. It suggests that aeolian sedimentation can create good conditions for preserving the former soil cover. However, the degree of soil profile preservation depends on environmental conditions, particularly during cold periods. Some well-defined groups of paleosols with fully developed profiles or preserved diagnostic horizons with specific features have potential marker character. Examples of such fossil units are Usselo and Finow soils, which, like the Holland Paleosol in North America (Arbogast et al., 2004) , are usually considered to be stratigraphic marker horizons for the late-glacial aeolian landscapes in Western and Central Europe (Jankowski, 2012; Kaiser et al., 2009 ). The term "Finow soil" was used for the first time by Schlaak (1993) to describe the Bwb horizon that commonly occurs in the "Obere Finow" area within the Eberswalde Valley, Germany. Finow soil is an approximately 5-30 cm thick brownish soil without humus horizons and is usually dated from the Allerød age (13.350-12.680 varve years BP) to the beginning of the Younger Dryas (12.680-11.590 varve year BP) (Litt et al., 2001; Litt and Stebich, 1999) . These soils are spread within aeolian deposits and inland dunes in the Central European Lowlands creating the so-called "European sand belt" (Koster, 1988; Zeeberg, 1998) . This extensive area with dunes and coversands was formed during cold climatic conditions under limited influence of vegetation.
The mechanisms that led to the formation of the Bwb horizon of Finow soils are still not fully understood, but some research indicates a post-burial process similar to illuvial lamellae formation (Jankowski, 2012) . Numerous paleopedological and geomorphological studies on inland dunes of the European sand belt have been conducted (Hirsch et al., 2017; Jankowski, 2002; Jankowski, 2012; Kaiser et al., 2009; Kasse, 2002; Konecka-Betley, 1974; Konecka-Betley, 1981; Konecka-Betley, 1982; Koster, 1988; Kozarski and Nowaczyk, 1991; Manikowska, 1991; Vandenberghe et al., 2013; Zeeberg, 1998) . Results of these studies suggest similar stratigraphic position and morphology of fossil soils, related to their coverage by aeolian depositsand development under similar climatic conditions during the Late Glacial. Fossil soil development has been commonly related to climate changes in the Bølling-Allerød interstadial periods when the conditions were warmer and vegetation developed Słowiński et al., 2017; Zawisza et al., 2019) . Soils that developed during the Bølling interstadial are rare and characterized mainly by continuous initial horizons of humus accumulation (Manikowska, 1982) , while soils of the Allerød age more often found in Poland than other fossil soils (Jankowski, 2012) . Reconstructions of the Allerød mean summer air temperatures conducted on several sites in Poland revealed the temperature varied between 12°C and 16°C (Płóciennik et al., 2011; Słowiński et al., 2018; Zawiska et al., 2015) . The increase of temperature and air humidity created favourable conditions for vegetation development and surface stabilization (Aichner et al., 2018; Feurdean et al., 2014; Rach et al., 2014; Ralska-Jasiewiczowa et al., 1998) . The basic characteristic of plant cover during the Allerød was related to the expansion of forests composed of pine and birch with an increased number of herb and shrub species . Transformations of the natural environment in Europe during the Late Glacial were conditioned primarily by centennial to millennial-scale climatic oscillations from cold stadiums to warm phases, relative environmental stability and vegetation appearance (Brauer et al., 1999; Brauer et al., 2000) . These changes influenced the rate and direction of soil development.
The Gościąż Lake is known from its well preserved annually laminated lacustrine sediments that allowed for the reconstruction of environmental changes during the last ca. 14,000 years . Although the detailed environmental reconstructions from Lake Gościąż and its vicinity were carried out in multidisciplinary studies Sandgren and Thompson, 1990; Wicik, 1998) , detailed paleosol investigations have not been performed in this area.
The catchment of Lake Gościąż is occupied by extensive sandy dunes. Contemporary soil cover of inland dunes in Central Poland is not much different. Diversity of soil cover in areas with aeolian sediments depends on the relief of the area and occurrence of local depressions leading to changes in soil moisture. The relief of the area surrounding Lake Gościąż was developed by numerous interacting processes typical of young glacial areas, including accumulation and erosion by glacial meltwater and fluvial activity of the Vistula River, aeolian deflation and accumulation, and dead ice melting processes (Błaszkiewicz et al., 2015; Słowiński et al., 2015) . The landscape in the direct vicinity of Lake Gościąż was formed mainly by aeolian processes which led to the formation of sand dunes. Aeolian activity stopped at the beginning of the Holocene when a stable and dense vegetation cover developed in the region . Bølling chronozone was characterized by the occurrence of trees and shrubs which indicate more severe, rather dry and continental conditions . The vegetation recorded during this phase included Hippophaë, Betula pubescens, Salix sp., Populus tremula and open herb vegetation like Artemisia, Chenopodiaceae, Helianthemum ssp., Plantago maritima-t., Sedum, Gypsophila fastigiata. During this period the lake shoreline was occupied by Typha latifolia, Scirpus lacustris -t., Schoenus -t., Equisetum, Sparganium -t., Phragmites (Ralska-Jasiewiczowa et al., 1998) .
Several locations with fossil soils were found in 2018 within the direct vicinity of Lake Gościąż, which gives an opportunity to unravel the processes that lead to the formation of the Bwb horizon of Finow soils. Thus, this paper aims at describing in detail the late-glacial transformation of aeolian sediments including soil-forming and periglacial processes and comparing results with reports of 'Finow soils' in other regions where they were found. An additional objective of the research is also recognition of the physical and chemical properties of the investigated soils.
Materials and methods

Regional settings
Lake Gościąż (52°35Ń, 19°21É) is located within the Vistula Valley between the cities of Płock and Włocławek, Central Poland (Fig. 1) , at the bottom of one of the subglacial channels dissecting the surface of a spillway terrace (Churski, 1998) . According to the physico-geographical B. Kruczkowska, et al. Catena 185 (2020) 104286 division of Poland (Kondracki, 2001) , the study area is located within the Płock Basin mesoregion, which is a part of the Toruń-Eberswalde Glacial Valley macroregion. The lake is a part of the Gostynin-Włocławek Landscape Park, which was established in 1979 to protect the unique nature of this area. Next to the numerous subglacial channels and fluvioglacial terraces, extensive sandy dunes occur in the catchment of Lake Gościąż. Contemporary soil cover of this area constitutes a mosaic of various soil reference groups strongly affected by origin of parent material, relief and local hydrological conditions. Predominate sandy soils, mostly Brunic Arenosols and Podzols rarely soils developed from glacial till, like Cambisols, Luvisols or Histosols developed from organic sediments (Wicik, 1998) .
The lake is surrounded by a forest with Pinus sylvestris as the dominant species with an admixture of birch (Betula pendula) and oak (Quercus robur, Quercus petraea). Deciduous forests with Tilia cordata and Carpinus betulus, riverside caars with Fraxinus excelsior, Ulmus minor, and Alnus glutinosa, and alder woods with Alnus glutinosa, Salix cinerea, Salix aurita, and Salix pentrandra were also found (Kępczyński and Noryśkiewicz, 1998) .
The Płock Basin is characterised by a transitional temperate climate (Woś, 1999) . The average annual precipitation for the region is one of the lowest in Poland, amounting to 533 mm/yr and varying from 340 mm/yr (2015) to 780 mm/yr (2001) (Bartczak et al., 2019) . The mean annual precipitation for Płock are maximal in July (82.5 mm) and November (42.00 mm) and minimal in February (25.6 mm) and October (35.7 mm) (Wójcik and Przybylak, 1998) . The monthly average air temperatures range from −2.8°C in January to about 18.1°C in July (Wójcik and Przybylak, 1998) .
Soil sampling
Four soil profiles with preserved paleosols in the form of Bwb horizons were investigated in this study. All profiles were described according to the FAO standards (FAO, 2006) and classified using the WRB classification system (IUSS Working Group WRB, 2015) . Two undisturbed soil samples were collected from every horizon/sedimentary layer using 100 cm 3 steel rings to determine bulk density and porosity. Moreover, one disturbed sample was taken for further analysis. In order to remove rock fragments (> 2 mm), the disturbed samples were dried at 40°C and sieved through a 2.0 mm sieve. Additionally, a large amount of humus was collected for plant macrofossils analysis and prepared with a standard procedure (Birks, 2007) .
Analysis of soil's physical and chemical properties
Particle size distribution of the soils was determined using the combined method of pipette and sieve. Grain fractions and soil textural classes were identified according to the Polish Soil Science Society (Polskie Towarzystwo Gleboznawcze, 2009), which is consistent with United States Department of Agriculture (USDA) classification (USDA, 1993) . Next, we calculated geometric graphical measures after Folk and Ward (1957) , including mean diameter (MG), sorting (σG), skewness (SkG), and kurtosis (KG), using GRADISTAT 5.11 software (Blott and Pye, 2001) . The reaction (pH) was measured potentiometrically in a suspension with deionized water and 1 mol·dm −3 KCl in the soil: water/ KCl ratio of 1:2.5 (pH-meter Elmetron CPC-401). Bulk density and total porosity were established for undisturbed soil samples by using the drying-weight (gravimetric) method. Total organic carbon (TOC) was determined using a TOC analyser (Shimadzu 5000A), total nitrogen (TN) with the Kjeldahl method (van Reeuwijk, 2002) . Total content of elements was determined in a solution after digestion of samples in a mixture of 40% HF and 60% HClO 4 using a high-pressure microwave digestion system (Milestone EthosPlus). The P content in a solution was analysed by means of the molybdenum blue method (van Reeuwijk, 2002), whereas concentrations of K, Ca, Mg, Fe, Al, and Mn were determined by flame atomic absorption spectrometry (Perkin Elmer AAS 2100). "Free" iron oxides (Fe d ) were extracted by Mehra and Jackson's (1960) procedure, whereas amorphous and poorly-crystalline iron (Fe o ) and aluminium (Al o ) oxides by Schwertmann's procedure (van Reeuwijk, 2002) . Based on these results, Fe d /Fe t (weathering ratio) and Fe o /Fe d ratio were calculated.
OSL-dating
Nine samples for the Optically Stimulated Luminescence (OSL) dating were collected from C horizons located at different depths from three profiles (1, 3, and 4) above and below paleosols. Steel tubes were used during sampling to protect sediment from sunlight. In the OSL Laboratory in Gliwice, Poland samples were opened, dried, and prepared both for gamma spectrometry and luminescence measurements under dark conditions. High-resolution gamma spectrometry was used in order to determine U, Th, and K contents in the samples by means of a HPGe detector (Canberra). Each measurement lasted for at least 24 h. Prior to measurement, the samples were stored for about three weeks to ensure equilibrium between gaseous 222 Rn and 226 Ra in the 238 U decay chain. The activities of the isotopes were determined using IAEA standards RGU, RGTh, RGK after subtracting the detector background. Using (Guerin et al., 2011) conversion factors, dose rates were calculated. Prescott and Stephan (1982) procedure was used for the cosmic ray beta dose-rate calculation.
We assumed that the samples' average water content for most of the time was 5 ± 2%, since this humidity is typical for sandy sediments. The humidity was set to this level because we have not been able to precisely reproduce changes in this type of sediment for the last several thousand years. Changes of environmental conditions, mainly climatic, may lead to the transformation of humidity levels of soils, so the water content during sampling should not be treated as the correct value for total burial span (Rosenzweig and Porat, 2015) . Duller (2008) noticed that 1% of water content would contribute 1% underestimation of the OSL age.
Using standard purification procedures (e.g. Aitken (1998) , sandsized grains of quartz (90-200 µm in diameter) were extracted from the sample. The quartz grains were separated using density separation with the application of sodium polytungstate solutions leaving grains of densities between 2.62 g cm −3 and 2.75 g cm −3 . Finally, the quartz grains were etched in 40% hydrofluoric acid for 60 min to remove the outer 10 mm layer, which absorbed a dose of alpha radiation (Aitken, 1998) .
All OSL measurements were made by means of an automated Risø TL/OSL DA-20 reader using multi-grain aliquots, each of approximately 1 mg. The stimulation light source was a blue (470 ± 30 nm) light emitting diode array delivering 50 mW cm −2 at the sample (Bøtter-Jensen et al., 2000) . Detection was through 7.5 mm of Hoya U-340 filter. Using the single-aliquot regenerative-dose protocol (Murray and Wintle, 2000) , equivalent doses were determined. The Central Age Model (Galbraith et al., 1999) was used to determine the luminescence ages.
XRD analysis of clay fraction
The clay fractions were separated from selected fossil Bwb horizons by means of Jackson (1975) procedure. Carbonates were removed using an acetic acid buffer (pH~5). Organic matter was removed using 30% hydrogen peroxide buffered with an acetic acid buffer (pH~5). Free Fe oxides were removed using sodium dithionite buffered with a citratebicarbonate solution according to Mehra and Jackson (1960) method. Clay fractions (< 2 μm) were separated by centrifugation. Aliquots of clay fractions were saturated with Mg and K and dialyzed. Oriented mounts on glass slides were prepared by sedimentation. They were analysed using XRD method by means of the Bruker AXS D5005 diffractometer equipped with the KRISTALLOFLEX® 760 X-ray generator, the vertical goniometer, 1 mm divergence slit, 2 mm anti-scatter slit, 0.6 mm detector slit, and a graphite diffracted-beam monochromator. CoKα radiation was used by applying a voltage of 40 kV and 30 mA current. Oriented mounts were scanned at a counting time of 2 s per 0.02°step from 3 to 40°2θ. The XRD analyses were performed in air-dry conditions (Mg-and K-saturated samples), after ethylene glycol (EG) treatment (Mg-saturated samples only), and after heating for at least 1 h at 330°C and 550°C (K-saturated samples only).
In order to determine if clay minerals are di-or trioctahedral, XRD analyses of random powder mounts from clay fractions were performed in the d 060 range (from 68 to 76°2θ CoKα at counting time of 2 s per 0.005°step and the applied voltage of 40 kV and 35 mA current).
Results
Morphology and classification of the soils
The studied profiles were located on the top or slope of dunes and are represented by dry and poorly developed soils, including Dystric Brunic Arenosols (Aeolic, Protospodic) and Dystric Brunic Arenosols (Aeolic) with moderately marked B horizons (IUSS Working Group WRB, 2015) ( Fig. 2) .
In profiles 1 and 2 secondary podzolization process was observed resulting in the formation of Bohs horizons in the topsoil. Parent material of these soils constituted fine aeolian sand. Paleosols located at the depths of 120 cm and 163 cm from profile 1 and 2, respectively, were composed of brownish 10-30 cm thick Bwb horizons without buried humus horizons and were classified as Eutric Brunic Arenosols (Relictiturbic) (Fig. 2) . Similar horizons at the depth of 110 cm and 120 cm in profiles 3 and 4 were classified as Eutric Cambisols (Loamic) (IUSS Working Group WRB, 2015). Differences in Bwb horizons classification were caused by their texture. In profiles 3 and 4, high content of silt and clay (up to 41.1% of silt and to 14.0% of clay) was determined to be what classifies these profiles as Cambisols. Intermixing of fossil humus horizons into the lower B horizons by cryoturbation was not observed in studied profiles. Evidences of cryoturbation in a form of about 10-20 cm thick ice wedges within 3Bw@b horizon in profile 1 and 2Bw@b horizon in profile 2 were found. In profile 2, 10-cm thick ice wedges were visible on the side walls of the soil pit. In all profiles, thin, horizontally stratified illuvial lamellae occur below Bwb horizons. The top and bottom transitions between Bwb and neighbouring horizons were mostly gradual (profile 1 and 2), however, there was a lack of finger-like protuberances between these brownish horizons and other deposits. Transition below Bwb horizons was sharp in profile 3 and 4.
Physical properties of the soils
Particle density of the soils related to quartz characteristics and reached values ranging from 2.51 g cm −3 to 2.59 g cm −3 in A, AEs, and ABo horizons to 2.51 g cm −3 -2.66 g cm −3 in sandy substrate and in Bw/C horizons (Fig. 3) . These values ranged from 2.51 g cm −3 to 2.62 g cm −3 in Bwb horizons. Bulk density in profiles 1-3 increased with the depth from 1.28 g cm −3 to 1.34 g cm −3 in humus horizons and from 1.04 g cm −3 to 1.63 g cm −3 in mineral horizons (excluding Bwb horizons). In profile 4, characterized by mixed material in topsoil (the result of natural slope processes), the diversification of bulk density values from 1.36 g cm −3 -1.45 g cm −3 in surface horizons to 1.65 g cm −3 in other mineral horizons) was observed. The bulk density of fossil Bwb horizons also varied, reaching values from 1.07 g cm −3 to 1.66 g cm −3 .
Total porosity in profiles 1-3 decreased with depth (including paleosols), reaching the highest values (up to 49.3%) in humus horizons (Fig. 3 ). Bwb horizon in profile 3 had clearly increased porosity (up to 58.5% in 4Bwb and 60.2% in 4Bw/5Cb horizon) in comparison to neighbouring horizons. Omitting the increased porosity in profile 3 the average porosity of fossil Bwb horizons is 38.7%.
The youngest soils located on the top of the profiles (Dystric Brunic Arenosols) had brownish-black or dark brown humus horizons, brown or yellowish-brown Bo horizons, and dull yellow-orange or bright yellowish-brown parent material (Fig. 3) . In contrary to contemporary soils at the study area, fossil brown Bwb horizons (Finow soils) in profiles 1, 2 and 4 reached colours from the hue of 7.5YR. Dull yelloworange and yellowish-brown (hue 10YR) Bwb horizons occur in profile 3 (Fig. 3) .
Chemical properties of the soils
The youngest soils -Dystric Brunic Arenosols (Aeolic, Protospodic) in profile 1 and 2 and Dystric Brunic Arenosols (Aeolic) in profile 3 and 4 -are characterized by a lack of CaCO 3 and had extremely acidic (in A and B horizons) to strongly acidic (in parent material) soil reaction (Table 1) . However, C1 and C2 horizons in profile 2 had slightly acidic to neutral soil reaction (Table 1) . Increased content of CaCO 3 was observed in the subsoil of profiles 2, 3 and 4, which caused the increase of soil pH up to 8.41 in 5C2b (profile 4). The highest content of CaCO 3 (12%) was measured in 4Bwkb horizon in profile 4. Reaction of fossil Bwb horizons was diverse, from strongly acidic (profile 3) to neutral (profile 4) ( Table 1) .
TOC and TN contents were generally low (BK5, 2005) and reached maximum values in humus horizons (3.55-19.64 g kg −1 and 0.32-1.21 g kg −1 , respectively) ( Table 1 ). In all studied Dystric Brunic Arenosol profiles (in the topsoil of all studied profiles), TOC and TN content decreased with the depth. Compared to the sandy material of other horizons, a slight increase in the content of these elements was noticeable in brownish Bwb horizons, which may indicate the existence of a plant cover on these soils in the past. The 4Bwkb horizon (profile 4) was characterized by the TOC content increasing to 12.87 g kg −1 and low content of TN (0.14 g kg −1 ). Bwb horizons usually contain more TOC than adjacent horizons, which also means that they probably were developed on the surface under vegetation cover. Values of C/N ratio in humus horizons ranged from 10.9 to 18.8, while these values were lower with a maximum of 17.7 in Bo and C horizons of young Dystric Brunic Arenosols. The increase of these indicator values was also observed in Bwb horizons (4.6-92.2). P, K, Ca and Mg content in sandy horizons was low ( Table 2) . The phosphorus content in the studied profiles ranged from 0.20 g kg −1 to 0.47 g kg −1 in topsoil and from 0.11 g kg −1 to 0.57 g kg −1 in sandy horizons, with a general increasing trend downwards the profile. A similar regularity also concerned magnesium. Its content varied from 0.28 g kg −1 to 0.59 g kg −1 in A horizons and from 0.30 g kg −1 to 0.98 g kg −1 in the other horizons. The potassium content was strongly conditioned by the origin of soil mineral substrates and reaching values of 7.01-12.63 g kg −1 in all sandy horizons, and 11.95-15.17 g kg −1 in Bwb horizons. The investigated soils were poor in calcium in general. However, increased content of this element was observed in Bwb horizons.
Sorption complex of the studied soils varied among profiles and horizons, including capacity and saturation with various ionic components. Topsoils of Dystric Brunic Arenosols (profiles 1-4) were characterized by low base saturation (5.2-19.2%), which increased to 96.7% in most of BoC and C horizons (excluding profile 3) (Arbeitskreis Standortskartierung, 1996) . Fossil soils were saturated with bases in more than 90%, except for 4Bwb horizon in profile 3, where it was only 6.5% (Table 2) . Profile 3 had the lowest base saturation among all profiles with the mean value not exceeding 10.1% for most of the horizons.
Characteristics of iron and aluminium forms
The Fe t content in sandy horizons of Dystric Brunic Arenosols (topsoil of profiles 1-4) was similar within the profiles. These values were low and ranged from 2.36 g kg −1 to 4.95 g kg −1 (Fig. 4) . In Bo  Fig. 2. Studied soil profiles. B. Kruczkowska, et al. Catena 185 (2020) 104286 horizons, a small increase of about 0.2-0.5 g kg −1 was observed. In fossil Bw horizons, a considerable increase of Fe t content (up to 13.09 g kg −1 ) was recorded. Among the forms of this element, the so-called free iron oxides (Fe d ) clearly predominated, constituting 13-50% of Fe t . Fe d /Fe t ratio varied in the studied profiles, reflecting the effect of soilforming processes. Crystalline iron forms predominated over amorphous forms in general, which is reflected in Fe o /Fe d ratios (Fig. 4) . In some horizons of the contemporary soils, the predominance of amorphous forms was observed. The total content of Al t in the studied soils was higher than Fe content and ranged from 10.37 g kg −1 to 31.52 g kg −1 (Fig. 4) . When compared to the contemporary soils in topsoil, the highest contents of Al t occurred in fossil Bwb horizons. Increased content of Al t is also observed within other B horizons. However, these values were lower than in Bwb and reached a maximum of 20.14 g kg −1 . In contrast to the Fe t , the Fe o content was the highest to a depth of about 60 cm and ranged from 0.51 g kg −1 to 1.69 g kg −1 . Within fossil Bwb horizons Fe o content was about 0.23 g kg −1 -1.25 g kg −1 . Average amount of Al o in Al t was about 6% (values from 0.03 g kg −1 to 1.69 g kg −1 ). The value of the Al o /Al t ratio decreased with depth and ranged from 0.3 to 0.14 in surface horizons to 0.00-0.02 in the lower parts of the profiles. Only in Bwb horizon in profile 3 this value was higher than in neighbouring horizons, reaching a value of 0.04.
OSL age, origin, and textural parameters of deposits
According to the results of OSL dating, the last phase of glaciofluvial sand deposition in the studied area took place between 13.32 ± 0.80 ka (GdTL-2843) and 13.71 ± 0.66 ka (GdTL-2846) ( Table 3) . Sandy aeolian deposits covering Bwb horizons were dated to 11.28 ± 0.59-13.86 ± 0.70 ka (GdTL-2842 and GdTL-2848). An inversion of dates was observed in profile 1.
Every top and bottom part of the investigated profiles was developed from loose, moderately-or poorly-sorted glaciofluvial sands remodelled by aeolian processes with mainly symmetrical or positively skewed particle-size distribution curves. The particle-size distribution reveals a homogenous sediment unit of fine sand, sand, and loamy sand. However, Bwb horizons developed from very poorly sorted sandy loam, loam, and silty loam deposits with positively skewed, strongly positively skewed, or negatively skewed particle size distribution curves. The dominant fractions of 0.5-0.25, 0.25-0.1, and 0.1-0.05 mm constituted in total about 90-97% of the sandy horizons. An increased content of silt (7-52%) and clay (7-23%) was observed in buried Bwb horizons (Fig. 3) , whereas in other horizons these values vary from 0.2% to 9.3% for silt content and to 1.6% for clay.
Mean grain size in each profile varied from 0.15 mm to 0.17 mm. Lower values occurred only in the zone from 2Bwb to 4Bwb horizons in profile 3 (0.09 mm) and in 2Bwb to 4Bwkb horizons in profile 4 Kruczkowska, et al. Catena 185 (2020) 104286 (0.06 mm; Fig. 5 ). A considerable increase in average grain size was recorded in bottom horizons (from 0.21 mm to 0.49 mm) of all profiles. Bwb horizons from profiles 1 and 2 were characterized by a larger admixture of coarser fractions. Bwb horizons with best-developed morphology occurred in profile 3 and 4. They were characterized by a distinct mean grain size reduction to 0.03 mm and 0.04 mm, respectively (Fig. 5) .
The macrofossil analysis showed that there was a lack of fossils in analyzed samples.
Mineral composition of clay fractions from fossil Bwb horizons
Mineral composition of clay fractions was similar in each fossil Bwb horizon in this study (Fig. 6) . Swelling phases were represented by vermiculite (the d 001 peak at 1.42 nm when saturated with Mg 2+ both in air-dry state and after EG solvation; the peak disappears after heating), smectite (the d 001 peak at ≈1.68 nm when saturated with Mg 2+ after EG treatment; the peak disappears after heating), and certain mixed-layer minerals containing swelling layers (most likely of illite-smectite type) (Fig. 6) . Non-swelling phases identified in all investigated Bwb horizons are illite (the d 001 peak at~1.0 nm that does not change its position, neither after EG treatment nor after heating) and kaolinite (the d 001 and d 002 peaks 0.717 nm and 0.357 nm, respectively, that do not shift after EG treatment and heating at 330°C, but disappear after heating at 550°C). Apart from these minerals, clay fractions from soils also contained admixtures of quartz and feldspars (orthoclase and albite). Clay fraction from 4Bwkb horizon (140-148 cm) in profile 4 most likely contained traces of some zeolite (heulandite and/or clinoptilolite), indicated by the presence of weak 0.898 nm peak in the XRD pattern of the sample.
The analysis of XRD patterns of the random powder mounts from clay fractions (Fig. 7) revealed the presence of the broad peak 0.149-0.151 nm, indicating that clay minerals (i.e., illite, kaolinite, vermiculite, and smectite) in B horizons are dioctahedral species. The peak 0.154 nm can belong to quartz or trioctahedral clay minerals. This sharp peak indicated that it belongs rather to quartz than trioctahedral clays (the peak for clays is typically a broad one).
Discussion
Age of Finow soils
A compilation of ages obtained from Usselo and Finow soils in Central Europe (Germany and Poland) revealed the main time range for soil formation between the Older Dryas and the Younger Dryas with single examples developed in the Preboreal period (Kaiser et al., 2009 ). However, according to (Schlaak and Kowalski, 2015) , the beginning of these soils' development can be related to the Bølling interstadial. For most of the paleosols described in Poland, similar ages were reported. In contrast, the older Late Glacial paleosols represented by initial Gleysols were reported rarely. Some examples were known from the Kamion/Epe interstadial -a warm period before the Oldest Dryas (Kolstrup, 1980; Manikowska, 1970; Manikowska, 1991) and the Bølling interstadial (Konecka-Betley, 1991; Krajewski and Balwierz, 1984) . OSL-dating of aeolian deposits covering the studied fossil soils showed that those deposits developed in the older part of the Late Glacial in warm periods: the Meinendorf interstadial (between 14.450 and 13.800 varve years BP) and the Bølling (13.670-13.540 varve years BP; (Litt et al., 2001; Litt and Stebich, 1999) ). It is possible that the soilformation phase of the Finow soils was recorded in all analysed profiles from Lake Gościąż vicinity. Hence, the commonly assumed formation of the paleosols in the Allerød interstadial cannot be confirmed by geochronological data alone and it is thus more appropriate to consider these soils more generally as of the Late Glacial age (Kaiser et al., 2009) . OSL dating from profiles 3 and 4 revealed statistically indistinguishable ages (based on chi-squared test): a sample from aeolian sediments above the Finow soil in profile 3 dated at 13.53 ± 0.74 ka (GdTL-2845), a sample above the soil in profile 4 dated at 14.36 ± 0.84 (GdTL-2847), and a sample below the soil in profile 4 dated at 13.86 ± 0.70 ka (GdTL-2848). These results were in agreement with published ages of 13.5 ka in Mecklenburg, NE Germany, and of 13.3 ± 1.2 ka in NE Estonia (Kalińska-Nartiša et al., 2015) suggesting that this age range generally marks the time of burial of these soils (Küster et al., 2014; Küster and Preusser, 2009 ). This age range was also reported from recent research of Finow soils in the Tomsk Priobye Region, SE Western Siberia (Konstantinov et al., 2019) . Inversion of dates in profile 1 was related to the high variability of radioisotopes content, which translated into a dose rate change of about 50% in an area of just over ten centimetres. Such changes suggest that materials with different physical and chemical properties have been deposited. According to the OSL age of the studied samples, the estimation and assumption was made that aeolian activity mainly occurred during cold periods of the Late Glacial. The beginning of aeolian processes led to the formation of dunes in the Płock Basin probably started during the Oldest (13.800-13.670 varve years BP) and the Older Dryas (13.540-13.350 varve years BP; (Litt et al., 2001; Litt and Stebich, 1999) ). Since these ages were also obtained from aeolian sediments covering the soil, we must assume that soil formation took place before the Allerød. A pre-Allerød age of aeolian processes in the direct vicinity of Lake Gościąż was further suggested by geomorphological relations between large dune forms and subglacial channels. Generally, in cases of their direct contact, the dune forms distinct "cut" at the edges of Table 2 The total content of P, K, Ca, and Mg and base saturation of the studied soils. Kruczkowska, et al. Catena 185 (2020) 104286 Fig. 4 . Content of Fe and Al forms in the studied soil profiles.
B. Kruczkowska, et al. Catena 185 (2020) 104286 subglacial channels is what indicates the accumulation of dunes before the final stage of dead ice melting and preserving subglacial channels. The sediment cores from the deep basin of Lake Gościąż showed that the beginning of dead ice melting in this region began in Bølling (Błaszkiewicz, 2011; Błaszkiewicz and Gruszka, 2005; Ralska-Jasiewiczowa et al., 1998) , while the final melting of buried blocks of dead ice occurred in the late Allerød. However, OSL dates of deposits above the Bwb horizon in profile 1 revealed a younger age of 11.28 ± 0.59 ka (GdTL-2842), which would allow for dating the soil formation to the Allerød. These discrepancies in OSL-dating of Finow soils from Germany and Poland may result from local variability of soil water content. Soil moisture of 5 ± 2% was used to obtain the majority of OSL-dating results of sediments neighbouring to Finow soils; assuming that this value is the long-term average, it is the most optimal for sandy sediments. The remodelling of the previously formed dunes and new dune formation processes most likely took place in the Younger Dryas (Rychel et al., 2018) . In the neighbouring Toruń Basin located about 50 km northwest from the research area, the main duneformation phase was dated to the Younger Dryas (Jankowski, 2012) . This is in agreement with the result from our profile 1 but disagrees with our profiles 3 and 4. These differences may be explained by OSL dating problems or may indicate that aeolian processes were active during the entire Late Glacial (Table 3) but with large spatial diversity and local differences. Despite the remaining uncertainties in absolute dating of the pedogenic processes and the similarity of ages below and above the paleosols, the results indicated that the Bwb horizons may have developed in a relatively short time. The OSL-dating of aeolian sediments did not give an answer regarding the exact time of the studied Finow soils' fossilization. However, considering their location, climate change and the transformation of plant cover in the Late Glacial, it can be assumed that the activation of aeolian processes leading to soil process interruption occurred during the cold periods of the Late Glacial, mainly in the Older and the Younger Dryas.
Evidence of pedogenic processes in content of different Fe forms and mineral composition of the clay fraction of Finow soils
Mineralogical analyses of clay fractions from fossil Bwb horizons showed the predominance of dioctahedral clays. The most interesting phase in the context of genesis of the studied soils was dioctahedral vermiculite, which was present in the studied Bwb horizons (Fig. 4) . That clay mineral forms in soils and weathering environments mainly at the expense of dioctahedral mica, for example, muscovite (Bain et al., 1990; Churchman, 1980; Douglas, 1989; Skiba, 2007; Skiba, 2013; Skiba et al., 2018; Yin et al., 2013; Yin et al., 2018; Yin et al., 2017) . Dioctahedral vermiculite commonly occurs in soils and fresh sediments of cold and temperate climates (April et al., 1986; Bonifacio et al., 2009; Douglas, 1989) . However, vermiculite rarely occurs in unweathered glacial deposits, where illite, kaolinite, chlorite, and smectite are the predominant phases (Długosz et al., 2009; Murray and Leininger, 1955; Willman et al., 1963) . Therefore, the occurrence of dioctahedral vermiculite in the studied Bwb horizons indicated the effect of pedogenic processes.
The observed increase of Fe t and Al t contents in Bo and Bwb horizons in relation to the other sections of soil profiles underlines the trend toward iron and clay accumulation, especially in all B horizons (e.g. Jankowski, 2012) . The higher content of Al t in Bwb horizons proves indirectly about the enrichment in clay minerals which contain Al (e.g., diocahedral vemiculite). On the basis of the collected results it can be concluded that enrichment of Finow soils in Al results from enhancement in dioctahedral clay minerals. Free iron oxides (Fe d ) could either be a product of parent material weathering or come from groundwater and crystallize on the ice-soil boundary. This form is concentrated mainly at the surface soil horizons. Therefore, increased content of Fe d and Fe o in Bwb horizons can be linked to the initiation of the soil-forming process before burying. Values of weathering (Fe d /Fe t ) ratio (Schwertmann, 1964) , as well as Fe o /Fe d ratio, were low, which confirmed poor weathering of mineral substrates and low activity of iron oxides. However, these values were higher compared to neighbouring soil horizons (above and below Finow soil). Comparable relationships were found by Jankowski (2012) . Table 3 OSL-age of selected soil samples collected from horizons located below and above Bwb horizons. Fig. 5 . Mean grain size and origin of deposits of the profiles. B. Kruczkowska, et al. Catena 185 (2020) 
Similarities and differences of Finow soil characteristics in Europe and Asia
Dune systems exhibit successional development of soil cover strongly conditioned by vegetation cover and general environmental conditions, e.g. parent material and climate (Jones et al., 2008) . Considering the relatively young age of the aeolian sediments it may be assumed that they represent the earliest stage of soil development after surface stabilization by plant cover. In view of physical and chemical properties (sandy texture, low content of nutrients, etc.) and given that there were no traces of other prevailing soil-forming processes, soils developed at the surface of aeolian sediments were classified according to the WRB classification system (IUSS Working Group WRB, 2015) as Dystric Brunic Arenosols (Aeolic, Protospodic) and Dystric Brunic Arenosols (Aeolic). With Podzols, this soil type is typical for inland dunes (Jankowski, 2010; Sewerniak and Jankowski, 2017) . Paleosols found in the study area were classified as Eutric Brunic Arenosols (Relictiturbic) (profile 1 and 2), and Eutric Cambisols (Loamic) (profile 3 and 4, in view of relatively high content of silt and clay and the presence of cryogenic features in profile) ( Figs. 2 and 3) . The Finow soils are usually classified as loamy sand Brunic Arenosols (Hilgers, 2007; Jankowski, 2012; Kaiser et al., 2009; Konstantinov et al., 2019) . However, the first recorded Finow soil was described as 5-15 cm thick Dystric Cambisol over glaciofluvial deposits and devoid of humus horizon (Schlaak, 1993) . The studied profiles are characterized by low P, K, Ca and Mg content, which is typical for nutrient deficient sandy material (e.g. Kruczkowska et al., 2017) . Finow soils reported in previous studies (Jankowski, 2012; Kaiser et al., 2009; Konstantinov et al., 2019; Küster and Preusser, 2009 ) have similar physical and chemical properties in comparison to Lake Gościąż profiles, however, characteristics of grain-size distribution in Bwb horizons of the investigated profiles were distinct from other Finow soil stands. According to description of Finow soils by Schlaak (1993) , Bwb horizons should be characterized by an increase in the silt and clay content when compared to deposits lying below and above Bwb horizons. The latest studies on Finow soils (Jankowski, 2012; Kaiser et al., 2009; Küster et al., 2014; Küster and Preusser, 2009 ) indicated that the particle-size distribution shows the dominance of sand fraction in all soil horizons, which ranged from 83% to 98%. In the previously described Finow soil profiles, silt content varied between 1% and 16% and clay content between 1% and 5%. Fossil soils developed in the direct vicinity of Lake Gościąż are characterized by a higher content of fine fractions -up to 41.1% of silt and 14.0% of clay. Higher content of coarser fractions can be partially correlated with periglacial processes (e.g., material mixing during formation of ice wedges occurring in profile 1). Origin of illuvial lamellae observed below Bwb horizons is probably post-burial (Jankowski, 2012) . Their horizontal stratification referred to the positions of fossil Bwb horizons. As Jankowski (2012) noticed, lamellae underlie some structural features of Finow soils and sediments, which are also confirmed in the studied soils. According to the NRCS-SSURGO Official Soil Descriptions the lamellae most commonly have a loamy sand, loamy fine sand, or sandy loam texture and mean maximum thickness of 22 mm (Bockheim and Hartemink, 2013) . They are commonly formed in sandy materials (Berg, 1984; Schaetzl, 2001) and are often associated with iron oxides (Bockheim and Hartemink, 2013) . Results obtained by Obear et al. (2017) also indicate a lower clay content, ranging from 0.10% to 3.8%. In view of these results, the concept of linking the Finow soils origin with lamellae formation seems to be debatable. However, according to Berg (1984) and Holliday and Rawling (2006) , in chronosequences developed in dune sands, thickness of lamellae increases with time, which certainly is not a proof of the final conversion into Finow soils.
In Western and Central Europe, the presence of Finow soils with similar properties indicates indirectly analogical environmental conditions on the whole foreland of the ice sheet. Favourable conditions for the formation of Finow soils should have occurred at certain intervals, interrupted by periods of intensified accumulation of sand cover (Kaiser et al., 2009) . Distinct transitions between Finow soils and cover deposits indicate an increased intensity of weathering as a result of periglacial conditions. The presence of ice wedges and cryoturbations (Fig. 2) in the studied profiles is a testimony to the overlapping of periglacial conditions (e.g. frost action) on soil-forming processes. It should be noted that cryoturbations are visible within Finow soil profiles, which indicates that these soils probably had to develop on the land surface and not after its fossilization. There are no signs of cryoturbation in sediments covering Finow soils.
High CaCO 3 content in the bottom part of profile 4 could suggest the existence of a small water pool directly after fluvioglacial accumulation of carbonate-rich organic remains. However, the results of analysis of macrofossils showed that there is a lack of fossils in tested samples. It can be treated as an indicator of the periodic nature of this water reservoir and adverse conditions for the living organisms development, e.g. very cold climate. Therefore, it should be assumed that carbonates accumulated in this sediment were related to the precipitation of cryochemical carbonates from mineralized waters, which is also confirmed by the research conducted in other areas (Bukowska-Jania, Fig. 7 . Selected XRD pattern of random powder mount of clay fraction from 4Bwb horizon (110-120 cm), profile 3. Mineral symbols: Q-quartz. The d values (in italics) are in nm. B. Kruczkowska, et al. Catena 185 (2020) 104286 2003; Słowiński et al., 2015; van Loon et al., 2012) . This form of CaCO 3 was crystallized under periglacial conditions and was the most susceptible to re-dissolution and migration.
Conclusions
The paleosol profiles were identified as Finow soils and are characterized by physical and chemical features similar to other examples of this type of soils with differences in soil texture. In the studied Bwb horizons dioctahedral vermiculite was found, which is typically a pedogenic clay mineral. The formation of vermiculite indicated formation of Bwb horizons likely due to soil-forming processes. Pedogenic origin of Bwb horizons was further indicated by the increased contents of various forms of iron and aluminium within the studied horizons in comparison with neighbouring sediments. These soils were covered with aeolian sediments during cold climatic phases (stadials) as indicated by the presence of ice wedges and cryoturbations. OSL dating of aeolian sediments below and above the Finow soil did not provide unequivocal results but most ages suggest a pre-Allerød formation. However, since one Younger Dryas age has been obtained, soil formation in some locations during the Allerød cannot be excluded. In other regions with Finow soil occurrences like Germany, Northern Poland and Western Siberia, most ages suggested soil formation in the Bølling/ Allerød and coverage during colder periods of the Late Glacial (the Older Dryas and the Younger Dryas). Further studies are needed to finally resolve whether the older, pre-Allerød ages were related to dating uncertainties or if they reflect multiple soil formation periods in the different Late Glacial interstadials.
